Flow-mediated dilatation (FMD) is widely used as an index of nitric oxide-mediated vasodilator function, yet its methodology has not been well established. Previous research indicates that a rapid inflation of a blood pressure cuff evokes systemic vasoconstriction, as it was observed even on non-occluded contralateral arm. This would potentially contribute to the variability of FMD readings and complicate the emerging evidence that nonoccluded contralateral arm fingertip temperature responses during the FMD procedure may be an indicator of the presence of coronary artery disease. To test the hypotheses that rapid inflation of a blood pressure cuff could reduce FMD values and influence contralateral vasodilatory states, 33 apparently healthy adults (18 males and 15 females, 29 ± 6 years) were studied in two randomized FMD trials. The blood flow-occluding cuff was inflated rapidly (o1 s) in one trial or slowly over 10 s in the other trial. Arterial diameter, fingertip temperature and infrared thermography were obtained throughout each session. FMD values were not different between the rapid and slow cuff inflation trials (5.9 ± 0.6 vs 5.9 ± 0.4%). There were no differences in reactive hyperaemia (6.4 ± 1.6 vs 6.2 ± 1.7 AU), shear stress (80 ± 20 vs 77 ± 17 dyn cm
Introduction
Endothelial dysfunction has been well recognized as a preceding hallmark in development of atherosclerosis, hypertension and other cardiovascular complications.
1,2 Assessment of reactive hyperaemia in macrovasculature and microvasculature following limb ischaemia provides early detection of impaired endothelial function. 3 Brachial flowmediated dilatation (FMD) is a widely used research tool and considered a biomarker of endothelial function. FMD has been associated with the presence of coronary artery disease. 4 and used as an independent prognostic index for cardiovascular risks 1, 2 Since FMD was first introduced, 5 research efforts have been made to standardize and refine the FMD methodology. There have been several guidelines and tutorials extensively addressing technical considerations regarding optimal FMD performance and interpretation. [6] [7] [8] Although conventional hand-inflated cuff may be adequate, 7 an instantaneous cuff inflation to occlude blood flow with a rapid cuff inflator is increasingly used to introduce a temporary limb ischaemia. According to the recent FMD guideline statement, 7 this is the preferred and recommended procedure as it is more convenient, methodologically sound and better standardized. However, a potential drawback is that this rapid inflation can cause a jolt to the body 7 as well as a greater pain, which may produce reflex vasoconstriction. 9 It has been reported that performing occlusion on one arm with very rapid inflation caused a greater blood flow reduction in the contralateral arm in all subjects studied, but the application of slow inflation did not produce such response. 10 It is plausible to hypothesize that a rapid occlusion might induce a greater systemic vasoconstrictive response because of an elevated sympathetic restraint placed on the arterial wall. In fact, acute sympathetic activation has been shown to impair vasodilatation 11 and alter shear rate patterns, 12 and sustained sympathetic outflow also blunts FMD responses in older adults 13, 14 and in heart failure patients. 15 Currently, the effect of different rates of cuff inflation on FMD and other related hemodynamic measures is unknown. Recent studies 16, 17 reported that finger temperature on the contralateral (non-occluded) arm fluctuates widely during the arterial reactivity tests involving blood flow occlusion. These studies 16, 17 also reveal that a lack of or a smaller increase in contralateral finger temperature is associated with suspected coronary artery disease. The investigators speculated that neurovascular factors may be involved in this response and termed it as neurovascular reactivity (NVR). 17 The observation that contralateral (non-experimental) arm responds similarly, albeit much smaller in magnitude, to the experimental arm is not new 10, [18] [19] [20] A reduction in forearm and cutaneous blood flow has been observed when the opposite arm was occluded 10 or challenged with cold stress. 12, 21 Given the aforementioned finding that performing occlusion on one arm with rapid inflation caused a greater blood flow reduction in the contralateral arm than slow inflation, 10 it is possible to hypothesize that the contralateral responses may be mediated by the rate of blood pressure cuff inflation. However, this question has not been addressed.
Accordingly, the primary aim of the present investigation was to determine whether different rates of blood pressure cuff inflation would induce different hyperaemic reactivity responses. We also determined contralateral arm fingertip temperature responses to different cuff inflation rates by monitoring temperature changes on both arms.
Methods

Subjects
A total of 33 apparently healthy subjects (18 males, 15 females) aged 18-51 years were recruited from the University of Texas at Austin, the city of Austin, and the surrounding community using flyers and e-mails. All subjects were normotensive, non-smokers, non-obese and free of overt cardiovascular or other chronic diseases as assessed by medical history. None of the subjects were taking any cardiovascular-acting medications. The Human Research Committee reviewed and approved all procedures, and written informed consents were obtained from all subjects.
Protocol
Subjects were required to fast and abstain from caffeinated beverages for at least 4 h before the study, and all measurements were performed with subjects lying in supine position. Subjects were instructed not to engage in any strenuous physical activity for 24 h before testing. Before the measurements, the subjects were instructed to lie down in a quiet, temperature-controlled laboratory room for 30 min. The room temperature was maintained between 23 and 25 1C.
Subjects underwent two randomized FMD testing sessions (rapid and slow cuff inflation sessions) on the same day, and female subjects were studied in the follicular phase of their menstrual cycle. There was a resting period of at least 30 min between the two sessions, and a total time of 2.5 h was needed to complete the entire protocol. During testing, ECG electrodes were placed, and a blood pressure cuff was secured on the forearm for blood flow occlusion. Extra care was taken to ensure that the subject's arm position as well as the probe position stayed the same throughout the testing sessions. In addition to the occluded arm, temperature changes in the contralateral arm were also monitored.
FMD/hyperaemic shear stress Brachial artery diameters and blood flow were measured using an ultrasound machine (iE33, Philips Healthcare, Bothel, WA, USA) equipped with a high-resolution linear array transducer while subjects rested in supine position. A blood pressure cuff was placed on the forearm 3-5 cm distal to the antecubital fossa, and longitudinal images of the brachial artery were acquired 5-10 cm proximal to the antecubital fossa. After the acquisition of baseline measurements, the probe position was clearly marked to ensure that the image would be acquired from the same location. The blood pressure cuff was inflated to 100 mm Hg above resting systolic blood pressure for 5 min in both experimental sessions. The blood pressure cuff was inflated either instantaneously over 1 s (fast inflation) or gradually to target value within 10 s (slow inflation). This was accomplished using a three-way stopcock connected to a digital blood pressure monitor (HEM 907XL, Omron Healthcare, Bannockburn, IL, USA) for the slow inflation and a rapid inflation system (E-20, Hokanson, Bellevue, WA, USA) for the fast inflation. After cuff deflation, ultrasound-derived measurements of artery diameters and blood flow velocity were taken for 3 min. Blood flow measurements were made during the first 40 s after deflation to obtain peak blood flow and shear stress, and it was then switched to acquire the diameter for another 140 s to capture peak arterial diameter. After data acquisition, images were transferred to digital viewing software (Vascular Research Tool Brachial Analyzer, Medical Imaging Applications, Coralville, IA, USA) for later analyses. FMD was calculated by the equation: (maximum diameterÀbaseline diameter)/baseline diameter Â 100. All ultrasound images were recorded and analysed by the same investigator who was blinded to the sessions. The coefficients of variation for baseline diameter, peak diameter and FMD in our laboratory were 3.7, 4.0 and 13.9%, respectively.
Blood flow was calculated as mean blood velocity Â p Â (brachial artery radius) 2 Â 60. Post-occlusive blood flow was obtained by using the mean blood velocity of the first 12 waves after deflation as well as the average of peak and baseline artery diameter into calculation as previously described in similar studies. 22, 23 Reactive hyperaemia was calculated as post-occlusive blood flow/baseline blood flow. Hyperaemic shear stress was calculated by using the equation: 8 Â blood viscosity (assumed to be 0.035 dyn s cm À2 ) Â peak blood velocity/baseline diameter (at the end-diastole). 24 Digital thermal monitoring Alterations in fingertip temperature in response to blood flow changes were assessed noninvasively by using the digital thermal monitoring technology (Vendys, Endothelix Inc., Houston, TX, USA) as previously described. 3 This system consists of a computer-based thermometry system, and two fingertip thermocouple probes. Fingertip skin temperature was measured by probes placed on the middle finger of both hands (occluded and non-occluded sides). During ischaemia, the occluded arm temperature drops toward room temperature and upon cuff release, the temperature rapidly returns to, and often exceeds, the baseline temperature. The increase in fingertip temperature above baseline temperature value after cuff deflation is the TR, which has been used as an index of vascular reactivity.
3 Neurovascular reactivity (NVR) was also obtained in the contralateral arm by calculating area under temperature curve during and after the occlusion. 16, 17 Infrared thermography An infrared thermography camera (Ti45, Fluke Inc., Everett, WA, USA) was used to obtain images at baseline (1 min before occlusion), during occlusion (2 and 4 min), and deflation (immediately, 30 s, 60 s and 90 s) from both hands. The camera was set up with a stabilizer to keep a constant camera-to-object distance and rule out changes in optical magnification. Images were obtained with the same background within the camera's field of views throughout the testing. Thermal images were analysed by the imaging analyses software (Fluke Inc.), and skin temperature was quantified using the histogram-based method. The average temperature of the region of interest was obtained from fourth finger, thumb, palm and wrist. Temperature responses, such as temperature reduction and rebound (infrared-TR), were then calculated from the forth finger.
Statistical analyses
A paired t-test was used to compare the difference in vascular reactivity measures between the two inflation rates. Two-way analyses of variance with repeat measures were performed to compare temperature difference in occluded and non-occluded (contralateral) arms between the two inflation rates. Pearson product-moment correlation analyses were used to determine the relation of temperature changes between the two arms. Significance was set a priori at Po0.05. All data are expressed as means ± s.d.
Results
Subjects were apparently healthy as blood pressure and body mass index values were well within the clinically normal range (Table 1) . Hemodynamic measures between the two different inflation rates are displayed in Table 2 . Arterial diameter, reactive hyperaemia and hyperaemic shear stress were not different between the two trials. No significant differences were observed on NVR, TR measured by digital thermal monitoring, and TR by infrared thermography. There was no significant difference in FMD between the fast and slow cuff inflation trials ( Figure 1 ). As depicted in Figure 2 , changes in temperature via infrared thermography were not different between the rapid and slow cuff inflation. Contralateral arm temperature decreased only slightly at 2 min and returned to baseline by 4 min after the occlusion. These changes did not reach statistical significance. As there were no systematic differences between the rapid and slow inflation rates, the results were combined for further correlational analyses. As shown in Figure 3 , infraredderived TR responses in the occluded arm were significantly associated with those of the contralateral arm (r ¼ 0.61, Po0.05). Similarly, changes in temperature reduction during occlusion were significantly associated between the occluded and contralateral arm (r ¼ 0.29, Po0.05).
Discussion
The primary findings of this study are as follows. First, flow-mediated dilation, TR and hemodynamic measures were not affected by different blood pressure cuff inflation rates. Second, increases in fingertip skin temperature in the contralateral arm were not observed in the present study involving young and healthy subjects, indicating that changes in contralateral fingertip temperature in response to occlusion on the opposite arm may not occur. Interestingly, our results also showed that temperature changes in the non-occluded (contralateral) arm were significantly and positively associated with those of the occluded arm. FMD characterizes the relative vasodilatation of blood vessels as a result of shear-mediated nitric oxide production of endothelium after a temporary vascular occlusion. Adequate cuff occlusion is critical because it provides reactive hyperaemia and accompanied shear stress stimulus on vascular wall for FMD. There is experimental evidence indicating that the blood flow occlusion itself might be associated with reflex hemodynamic changes that could affect FMD. For example, external compressions applied to skeletal muscle produce a small increase in blood pressure in animal models. 25 In humans, thigh occlusion to suprasystolic pressure contributes to the elevated mean arterial pressure presumably through the stimulation of mechanoreceptor afferents. 26 In addition to cuff inflation itself, different cuff position 27 and the duration of occlusion 28 can induce different hyperaemic response. Whether inflation rate should be a technical consideration in the FMD measurement has not been addressed. To our knowledge, this is the first study showing that different rates of blood pressure cuff inflation induced comparable vasodilatory responses, including FMD. These results suggest that the rapid cuff inflation using the Hokanson rapid inflation system would produce similar FMD values to a traditional slow cuff inflation using the conventional hand-inflated cuff.
Recent studies 16, 17 reported that smaller cutaneous vasodilatation on the non-occluded arm during and after the release of cuff occlusion, as assessed by NVR, can predict the presence of coronary artery disease. In the present study, we used the infrared thermography to monitor fingertip skin temperature on both hands when the measurement of FMD was performed. Despite the fact that the subjects in the present study were young and apparently healthy, the majority of the subjects did not demonstrate significant increases in fingertip temperature on the contralateral arm. Overall, we observed that average finger temperature decreased slightly below the baseline levels during the occlusion. This transient skin temperature reduction in the contralateral arm may be due to the sensory stimulation, rather than stimulus itself, 21 which could cause pain-induced vasoconstriction. Similar contralateral change has been reported by Roddie 10 who found that blood flow to the contralateral arm decreased when the other arm was subjected to a rapid cuff inflation. In addition, studies using ice water immersion have demonstrated that fingertip temperature, blood flow and brachial diameter decreased transiently on the contralateral arm. 12, 19, 21 In most of these studies, non-occluded arms displayed rather small changes in the same direction to the occluded arm, which support our current findings. An interesting observation in the present study is that temperature changes in the contralateral (non-occluded) arm were significantly and positively associated with those in the occluded arm. These results suggest that temperature changes in the occluded and non-occluded arms may share a common physiological mechanism.
In summary, cuff inflation rates did not modulate FMD or TR responses. Moreover, we did not observe significant reflex vasodilatory responses on the nonoccluded arm when the opposite arm was occluded. The results of the present study involving a relatively small sample size should be confirmed in a study using a larger sample size in the future.
